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ABSTRACT 



Astroglial excitability operates through increases in Ca + cyt 
(cytosolic Ca 2+ ), which can lead to glutamatergic glio- 
transmission. In parallel fluctuations in astrocytic Na + Cyt 
(cytosolic Na + ) control metabolic neuronal-glial signalling, 
most notably through stimulation of lactate production, 
which on release from astrocytes can be taken up and 
utilized by nearby neurons, a process referred to as lactate 
shuttle. Both gliotransmission and lactate shuttle play a 
role in modulation of synaptic transmission and plasticity. 
Consequently, we studied the role of the PMCA (plasma 
membrane Ca 2+ -ATPase), NCX (plasma membrane Na + /Ca 2+ 
exchanger) and NKA (Na + /K + -ATPase) in complex and 
coordinated regulation of Ca 2+ Cyt and Na + cyt in astrocytes 
at rest and upon mechanical stimulation. Our data support 
the notion that NKA and PMCA are the major Na + and Ca 2+ 
extruders in resting astrocytes. Surprisingly, the blockade of 
NKA or PMCA appeared less important during times of Ca 2+ 
and Na + cytosolic loads caused by mechanical stimulation. 
Unexpectedly, NCX in reverse mode appeared as a major 
contributor to overall Ca 2+ and Na + homoeostasis in 
astrocytes both at rest and when these glial cells were 
mechanically stimulated. In addition, NCX facilitated me- 
chanically induced Ca 2+ -dependent exoeytotie release of 
glutamate from astrocytes. These findings help better 



understanding of astrocyte-neuron bidirectional signalling 
at the tripartite synapse and/or microvasculature. We pro- 
pose that NCX operating in reverse mode could be involved 
in fast and spatially localized Ca 2+ -dependent gliotrans- 
mission, that would operate in parallel to a slower and 
more widely distributed gliotransmission pathway that 
requires metabotropically controlled Ca 2+ release from the 
ER (endoplasmic reticulum). 

Key words: astrocyte, calcium, calcium signalling, glutam- 
ate release, sodium, sodium-calcium exchanger. 



INTRODUCTION 



Multiple pathways are utilized for bi-directional astrocyte- 
neuron signalling in various regions of the CNS (central 
nervous system) particularly at the synaptic level (Araque 
et al., 1999a; Haydon and Carmignoto, 2006; Ni et al., 2007; 
Theodosis et al., 2008; Perea and Araque, 2009). It is at 
these locations that astrocytes by using their ionotropic and 
metabotropic receptors listen to neurotransmission. Here, 
activation of astrocytic receptors leads to dynamic changes in 
Ca 2+ cyt and Na + Cyt (cytosolic Ca 2+ and cytosolic Na + ) (Lalo et al., 
2011). It is also at the tripartite synapse that astrocytes, via 
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their Na + -dependent metabolic changes (Magistretti, 2006) 
and by utilizing their Ca 2+ -dependent exocytotic machinery 
(Parpura et al., 1995; Mothet et al., 2005; Parpura and Zorec, 
2010), metabolically support and signal to neurons. Hence, the 
release of gliotransmitters, such as glutamate and metabolic 
products, such as lactate, can lead to modulation of synaptic 
transmission and plasticity (Araque et al., 1999a, 1999b; 
Perea and Araque, 2007; Suzuki et al., 2011). Thus, studying 
Ca 2+ cyt and Na + cyt dynamics is important for understanding 
the role of astrocytes in physiology of the CNS. 

The vast majority of astrocytes in the brain grey matter, 
together with neurons, endothelial cells and pericytes, 
represent the neurovascular unit. It is at this interface with 
blood vessels, which dynamically change their diameter, that 
astrocytes undergo large morphological changes and mech- 
anical strains associated with changes in their Ca 2+ cyt (Zonta 
et al., 2003; Filosa et al., 2004; Mulligan and MacVicar, 2004). 
Indeed, mechanical stimulation of astrocytes leads to an in- 
crease of Ca 2+ cyt and subsequent release of glutamate (Inno- 
centi et al., 2000; Hua et al., 2004; Montana et al., 2004). 
Sources of Ca 2+ for this mechanically induced exocytosis of 
glutamate from astrocytes have been recently reviewed 
(Parpura et al., 2011). Briefly, the major source of Ca 2+ in this 
process resides within the ER (endoplasmic reticulum) 
endowed with lnsP 3 (inositol 1 ,4,5-trisphosphate) and 
ryanodine receptors. Activation of these receptors provides 
a conduit for the release of Ca 2+ into the cytosol. The ER store 
depletion and refilling, the latter accomplished by the activity 
of the store-specific Ca 2+ -ATPase of SERCA (sarcoplasmic/ 
endoplasmic reticulum Ca 2+ -ATPase) type, additionally 
draws Ca 2+ from the ECS (extracellular space) via store- 
operated Ca 2+ entry. An alternative, albeit less studied conduit 
for Ca 2+ entry is associated with the plasma membrane NCX 
(Na + /Ca 2+ exch anger). Activation of ionotropic receptors 
leading to increases in Na + cyt and depolarization was reported 
to stimulate Ca 2+ entry through the reverse mode of the NCX 
(Kirischuk et al., 1997). Mild depolarization of astrocytes 
isolated from adult, but not neonatal, brains led to the 
reverse mode of NCX operation causing Ca 2+ entry into 
astrocytic cytosol and consequential glutamate release 
(Paluzzi et al., 2007). In this process, however, neither 
Na + cyt changes have been investigated, nor the ability of 
neonatal astrocytes to utilize the reverse mode of NCX due 
to mechanical stimulation identified. 

Astrocytes express the PMCA (plasma membrane: Ca 2+ - 
ATPase), which extrudes Ca 2+ cyt ; NCX which depending of ion 
concentrations and the plasma membrane potential either 
extrudes or delivers Ca 2+ and Na + to the cytosol; and NKA 
(Na + /K + -ATPase) that extrudes Na + cyt . PMCAs are expressed 
throughout the plasma membrane of astrocytes (Mata and 
Fink, 1989; Blaustein et al., 2002), while NCXs are enriched at 
distal processes of astrocytes surrounding synapses (Minelli 
et al., 2007). A subtype of NKA (type a2) colocalizes with NCX 
in astrocytes at plasma membrane-ER junctions, a site of 
'sodium microdomains' (Juhaszova and Blaustein, 1997; 
Blaustein et al., 2002). 



We studied the contribution of PMCA, NCX and NKA 
to Ca 2+ and Na + homoeostasis in astrocytes isolated from 
neonatal rat visual cortex, both at rest and when these cells 
were mechanically stimulated. Our data reveal a complex 
interplay between these Ca 2+ -handling proteins, with NKA 
being the major Na + extruder and PMCA the major Ca 2+ 
extruder from astrocytes at rest. Surprisingly, the blockade of 
these pumps had minor effects on Ca 2+ cyt and Na + cyt levels in 
mechanically stimulated cells. Rather, NCX in the reverse 
mode was a major contributor to Ca 2+ and Na + homoeostasis 
in mechanically stimulated astrocytes, although it operated 
also in resting cells. In addition, NCX facilitated mechanically 
induced Ca 2+ -dependent exocytotic release of glutamate 
from astrocytes. We propose that the NCX reverse mode, due 
to location and turnover rate of this transporter, could be 
linked to the activation of plasmalemmal ionotropic glutam- 
ate receptors and glutamate transporters at the tripartite 
synapse to accomplish fast and spatially localized gliotrans- 
mission. Naturally, such intercellular signalling pathway 
would operate in parallel to a slower and more widely 
distributed pathway that requires activation of mGluR 
(metabotropic glutamate receptor) and Ca 2+ release from 
the ER in perisynaptic astroglial compartments. Some of these 
data have appeared in preliminary form (Reyes and Parpura, 
2009). 



MATERIALS AND METHODS 



Astrocyte cultures 

We grew solitary astrocytes (individual astrocytes devoid of 
contact with other astrocytes) from visual cortices of 1- to 
2- day-old Sprague Dawley rats as previously described (Hua 
et al., 2004; Reyes and Parpura, 2008). Briefly, visual cortices 
were dissected and enzymatically treated with papain (20 III/ 
ml, 1 h at 37°C) in the presence of L-cysteine (0.2 mg/ml); 
digestion was terminated by trypsin inhibitor (10 mg/ml; type 
1 1 —0 ; 5 min at room temperature). Tissue was mechanically 
dissociated and neural cells were seeded into culture flasks 
containing culture medium composed of a-MEM (a-minimum 
essential medium, without phenol red; Invitrogen) supple- 
mented with fetal bovine serum (10°/o (v/v); Thermo Scientific 
HyClone), glucose (20 mM), L-glutamine (2 mM), sodium 
pyruvate (1 mM), sodium bicarbonate (14 mM), penicillin 
(100 lU/ml), and streptomycin (100 ug/ml) (pH 7.35). After 
allowing cells to adhere to the bottom of the flasks for 1 h, 
they were washed and provided with fresh medium. Cells 
were then maintained at 37 °C in a 95°/o air/ 5% C0 2 incubator 
for 5-7 days to obtain cell growth and proliferation to 
approx. 60°/o confluency. At that juncture, the cell cultures 
were purified for astrocytes using a previously described 
procedure (McCarthy and de Vellis, 1980). Purified astro- 
cytes were detached from the flasks using trypsin (10,000 
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Na-benzoyl-arginine ethyl ester hydrochloride units/ml; 
Sigma-Aldrich). After inhibition of trypsin activity by 
addition of complete culture medium, cells were pelleted 
using centrifugation (100 xg for 10 min), resuspended and 
plated onto round (12 mm in diameter) glass coverslips 
(Fisher Scientific, cat. no. 1 2-545-82-1 2CIR-1D) pre-coated 
with PEI (polyethyleneimine, 1 mg/ml; Sigma). Purified 
astrocytes were kept in culture medium at 37 °C in a 95% 
air/5% C0 2 incubator for 5-8 days when used in experiments. 
The purity of astrocytic culture (>99°/o) was confirmed: (i) by 
indirect immunocytochemistry using anti-glial fibrillary 
acidic protein antibody (Supplementary Figure S1 at http:// 
www.asnneuro.org/an/004/an004e075add.htm) and (ii) by 
visualization of accumulation of a dipeptide, /?-Ala-l_ys, 
conjugated to 7-amino-4-methylcoumarin-3-acetic acid as 
previously described (Hua et a I., 2004; Montana et al., 2004; 
Malarkey et al., 2008). Astrocytes in our culture system are 
flat polygonal cells having simplified morphological appear- 
ance when compared with astrocytes in situ (Supplementary 
Figure Si) (Hua et al., 2004; Montana et al., 2004; Malarkey 
et al., 2008). 

Pharmacological agents 

Concentration and pre-incubation times for each pharma- 
cological agent were adapted from literature (Goldman 
et al., 1994;Chaudhary etal., 2001 ; Benz et al., 2004; Rojas et al., 
2007): caloxin 2A1 (peptide sequence VSNSNWPSFPSSGGG- 
NH 2 ; 2 mM, 5 min; Synthetic Biomolecules), benzamil hy- 
drochloride (benzamil; 100 uM, 5 min; Alexis Biochemical), 
KB-R7943 (2-[2-[4-(4- nitrobenzyloxy)phenyl]ethyl]i- 
sothiourea methane sulfonate; 30 u.M, 10 min; EMD Che- 
micals, Inc.), and ouabain (1 mM, 10 min; Sigma). These 
agents were delivered to astrocytes in external solution (pH 
7.35) containing (in mM): sodium chloride (140), potassium 
chloride (5), calcium chloride (2), magnesium chloride (2), 
HEPES (10) and glucose (5). In experiments using mech- 
anical stimulation, and prior to imaging, astrocytes were 
pre-incubated with solutions containing a pharmacological 
agent or a combination of them at room temperature (22- 
25°C) at prescribed times above, and were then kept bathed 
in the agent(s) during the entire imaging procedure lasting 
approx. 250 s for ion measurements; for glutamate mea- 
surements, inherent to a dual run approach (see below), the 
imaging procedure lasted twice as long. 

Intracellular Ca 2+ imaging 

Ca 2+ cyt levels in somata of cultured solitary astrocytes were 
assessed using the Ca 2+ indicator fluo-3 as described earlier 
(Hua et al, 2004; Montana et al., 2004; Lee et al., 2008). 
Briefly, astrocytes were loaded with AM (acetoxymethyl) 
ester of fluo-3 (10 u.g/ml; Invitrogen) in external solution 
containing pluronic acid (0.025°/o (w/v)) for 30 min at 
room temperature. To allow de-esterification of fluo-3 AM, 
cells were subsequently kept in external solution for 30 min 
at room temperature. Cells were then incubated with 



pharmacological agents described above. Coverslips were mount- 
ed onto a recording chamber, and astrocytes were visualized with 
a standard FITC filter set (Chroma). Fluorescence intensities 
obtained from somata of indicator-loaded astrocytes were 
corrected (digital subtraction) for the background fluor- 
escence measured from regions of coverslips containing no 
cells. Fluorescence data were expressed as AF/F 0 (%) with 
the cell baseline fluorescence (F 0 ) representing the average 
of the first five images before mechanical stimulation, 
while AF represents the change in fluorescence emission. 
The [Ca 2+ ] cyt (Ca 2+ cyt concentration) was determined using 
calibration of fluo-3 as described elsewhere (Parpura and 
Haydon, 2000; Malarkey et al, 2008). In experiments 
studying the effect of agents on basal Ca 2+ cyt , we expressed 
fluorescence emission as a ratio of the average background 
subtracted fluorescence at testing time [F; five consecutive 
images obtained at the end of the incubation time with the 
agent(s)] over the average baseline fluorescence of cells at 
rest [F D ; five consecutive images obtained just prior to the 
addition of the agent(s)]. 



Intracellular Na + imaging 

Na + cyt levels in somata of cultured solitary astrocytes were 
assessed using the Na + indicator CoroNa™Green AM 
(10 u.M; Invitrogen) (Meier et al, 2006). Astrocytes were 
loaded with the indicator, imaged, and data collected and 
processed as described above for Ca 2+ imaging. Because 
CoroNa™Green tends to leak out of the cell, its intracellular 
fluorescence intensity substantially decays over time (Meier 
et al, 2006). Consequently, using a linear regression and 
extrapolation of the baseline fluorescence of individual 
traces, we corrected them for the leak of the dye. To 
estimate the concentration of intracellular Na + concentra- 
tion, we used a calibration protocol in situ. Here, astrocytes 
were imaged in external solution containing various 
concentrations of Na + (in mM: 140, 100, 50 or 10). 
Following approx. 4 min exposure to a particular extra- 
cellular Na + concentration, astrocytes were treated with the 
Na + ionophore gramicidin (50 u.M; Sigma). On equilibration 
of the intracellular milieu with the extracellular Na + 
concentration by using the peak of CoroNa™Green AF/F 0 
and by applying an exponential fit (r= 0.97) to the data, we 
obtained the relationship between [Na + ] cyt , (Na + cyt , concen- 
tration) and CoroNa™Green AF/F D , which can be formulated 
as: [Na + ] cyt = 16.597 mM x e 100131 xA/7ft>) . 



Buffering of intracellular Ca + 

To buffer Ca 2+ cyt in astrocytes, during the loading procedure 
with either fluo-3 AM or CoroNa™Green AM, we co-loaded 
astrocytes with the Ca 2+ chelator BAPTA-AM [1,2-bis-(o- 
aminophenoxy)ethane-A/,A/,A/',A/'-tetra-acetic acid tetrakis- 
acetoxymethyl ester]; 100 u.M; Invitrogen, followed by a 
30 min de-esterification period. 
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Extracellular glutamate imaging 

Ca 2+ -dependent glutamate release from cultured solitary 
astrocytes was measured using the l-GDH (glutamate 
dehydrogenase)-linked assay as previously described (Hua 
et al., 2004; Montana et al., 2004; Lee et al., 2008). PEI-coated 
coverslips containing cultured astrocytes were mounted onto 
a recording chamber and bathed in external solution. A set of 
images containing the cell of interest were taken in a sham 
run and used to correct for reduction of fluorescence due to 
photobleaching in the follow-up experimental run, for which 
the external solution was exchanged with fresh external 
solution supplemented with 1 mM of NAD + (Sigma) and 55- 
61 lU/ml of GDH (Sigma). Visualization was achieved using a 
standard DAPI (4'6-diamidino-2-phenylindole) filter set 
(Nikon). When released, glutamate is oxidized to a-ketoglu- 
tarate by GDH, while bath-supplied NAD + is reduced to 
NADH, a fluorescent product when excited by UV light. 
Fluorescence data were expressed as AF/F 0 (%) with the base- 
line fluorescence (FJ being the fluorescence of the medium 
surrounding the solitary astrocyte, immediately and laterally 
of its soma, before mechanical stimulation. To account for 
the possibility that KB-R7943 has an effect on the activity 
of the GDH in the medium surrounding the astrocytes, a 
spectrophotometer assay (Genequant Pro) was performed 
using NADH absorbance as a measure of GDH activity (Reyes 
and Parpura, 2008; Reyes et al., 2011). The assay solution 
contained NAD + (1 mM), glutamate (100 uM), and approx. 
59 lU/ml of GDH. The NADH produced from a 5-min reaction 
was monitored by its absorbance at 320 nm. There was no 
significant difference (Student's f-test, P=0.09) in NADH 
absorbance in assay solution either containing KB-R7943 
(30 uM; n=7; 0.35 + 0.03) or lacking this agent [control; 
n=7; 0.43 + 0.03 (mean + SEM)]. It should be noted that due 
to its fluorescence when excited with UV light, benzamil is 
not amenable for use in our glutamate release assay. 



Image acquisition and processing 

An inverted microscope (TE 300; Nikon), equipped with DIC 
(differential interference contrast), wide-field fluorescence 
illumination and oil-immersion objectives, was used in all 
experiments. For glutamate imaging we used a 40 x SFIuor 
objective (1.3 NA; Nikon), whereas all other experiments were 
done using a 60 x Plan Apo objective (1.4 NA; Nikon). Images 
were acquired using a CoolSNAP-HQ cooled CCD (charge- 
coupled device) camera (Roper Scientific Inc.) driven by V++ 
imaging software (Digital Optics Ltd.). All raw data/images 
had their pixel intensities within the camera's dynamic range 
(0-4095). For glutamate release analysis, the AF/F 0 of the 
treatment groups were ranked and normalized to accom- 
modate for variations in enzyme-based method and culture 
conditions, and to allow comparisons between experimental 
batches, as we previously described (Reyes and Parpura, 
2008). Similar rankings of intracellular Na + and Ca 2+ 
dynamics were done for consistency. 



Mechanical stimulation 

To stimulate a solitary astrocyte of interest, we employed 
mechanical contact using a glass pipette filled with external 
solution as we described in detail elsewhere (Hua et al., 2004). 
Briefly, this approach allows spatio-temporal control of the 
stimulus application without affecting plasma membrane 
integrity. The establishment of the patch pipette contact with 
the plasma membrane was determined by an increase in 
pipette resistance monitored using a patch-clamp amplifier 
(PC-ONE) that delivered -20 mV, 10 ms square pulses at 
50 Hz. Once established, cell contact was maintained for 
approx. 1 s. The strength of the stimulus, expressed as AR/R 0 
(°/o), where R 0 represents the pipette resistance (1.4-9.3 Mfi) 
prior to the establishment of a pipette-astrocyte contact, and 
Aft represents the increase in the resistance (0.02-1.3 Mfl) 
during the contact, had comparable intensities, under all 
conditions tested (Mann-Whitney tMest, P=0.092-0.934). 

Statistical analysis 

All reported effects were tested using data originating from 
at least three independent cultures. The comparison of the 
pipette resistance increases (AR/ftJ in different conditions 
were tested by Mann-Whitney U-test. Effects of the 
pharmacological agents on basal and mechanically evoked 
intracellular Ca 2+ and Na + levels were tested using one-way 
ANOVA, followed by Fisher's LSD (least significant difference) 
test. Effects of mechanical stimulation on intracellular Ca 2+ 
and Na + levels were assessed with paired f-tests. Effects of 
BAPTA/AM on mechanically induced intracellular Ca 2+ and 
Na + load, as well as that of KB-R7943 on Ca 2+ accumulation 
and glutamate release were tested using Mann-Whitney 
U-test. Data are expressed as means + SEM. 



RESULTS 



PMCA, NCX and NKA regulate basal Ca 2+ cyt and 
Na + levels in cultured cortical astrocytes 

PMCA, NCX and NKA have been shown to jointly regulate 
Ca 2+ cyt and Na + cyt homoeostasis at neuronal presynaptic 
terminals (Regehr, 1997; Zhong et al., 2001). Since astrocytes 
exhibit spatio-temporal changes in [Ca 2+ ] cyt (Verkhratsky 
et al., 1998) and [Na + ] cyt (Kirischuk et al., 1997; Rose and 
Ransom, 1997; Kirischuk et al., 2007), it has been proposed 
that combined PMCA, NCX and NKA also contribute to the 
regulation of astrocytic [Ca 2+ ] cyt and [Na + ] cyt (Goldman et al., 
1994; Blaustein et al., 2002). Consequently, we evaluated the 
contribution of PMCA, NCX and NKA in maintaining the basal 
Ca 2+ cyt and Na + cyt levels in cultured astrocytes using specific 
pharmacological inhibitors previously tested in non-neuronal/ 
glial cell types. 
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We tested the role of the PMCA in preserving basal [Ca 2+ ] cyt 
by incubating cortical astrocytes with caloxin 2A1 (2 mM; 
5 min), a peptide blocker that has affinity for the second 
extracellular domain sequence of the PMCA (Chaudhary et al., 
2001 ; De Luisi and Hofer, 2003; Kawano et al, 2003). To assess 
the NCX contribution to basal Na + cyt and Ca 2+ cyt regulation, we 
incubated astrocytes with either the general NCX blocker, 
benzamil (100 u.M; 5 min) or the NCX reverse mode block- 
er KB-R7943 (30 uM; 10 min) (Benz et al, 2004; Rojas et al, 
2004; Rojas et al, 2007). To test the role of NKA in the 
regulation of basal [Na + ] cyt we used the NKA blocker ouabain 
(1 mM; 10 min) (Goldman et al, 1994). 

We monitored fluo-3 fluorescence to assess changes in 
basal [Ca 2+ ] cyt in solitary astrocytes. We acquired the resting 



A 1 



Ca 2 



cyt 



level from astrocytes bathed in external solution, 



which was then replaced by a pharmacological agent(s) 
containing solution. In control, astrocytes were sham treated 
by exchanging the plain external solution. We found that 
astrocytes treated with caloxin 2A1 showed a significant 
increase in the basal fluo-3 fluorescence when compared 
with control, sham-treated, astrocytes (Figure 1A; one-way 
AN0VA, followed by Fisher's LSD test; P<0.01). In contrast 
astrocytes treated with KB-R7943 or ouabain showed a 
significant decrease in fluo-3 fluorescence (Figure 1A; one- 
way ANOVA, followed by Fisher's LSD test; P<0.01). These 
changes in fluo-3 fluorescence corresponded to rather subtle 
variations in calculated [Ca 2+ ] cyt from approx. 73 nM at rest, 
before the treatment with an agent, to approx. 85 nM in 
caloxin 2A1, approx. 61 nM in KB-R7943 and approx. 58 nM 
in ouabain; the exchange of external solution alone in sham- 
treated astrocytes resulted in basal [Ca 2+ ] cyt of approx. 77 nM, 
which was essentially unchanged from the resting level. In 
addition, astrocytes treated with benzamil did not exhibit 
significant change in fluorescence when compared with 
control. Furthermore, we incubated astrocytes with various 
agents in tandem. We found that astrocytes treated with the 
caloxin 2Al/benzamil or benzamil/ouabain combination did 
not exhibit significant changes in fluo-3 fluorescence, while 
astrocytes treated with caloxin 2Al/ouabain showed a 
significant increase in fluorescence, corresponding to 
[Ca 2+ ] cyt of approx. 82 nM, when compared with control 
(Figure 1A; one-way ANOVA, followed by Fisher's LSD test; 
P<0.05). 

Plasmalemmal NCX regulates both [Ca 2+ ] cyt and [Na + ] cyt 
depending on the relative concentration of these two ions and 
the plasma membrane potential (Goldman et al, 1994; Rojas 
et al, 2007). Similar to their differential effect on [Ca 2+ ] cyt , 
benzamil and KB-R7943 had a differential effect on the 
[Na + ] cyt . Astrocytes treated with benzamil did not show a 
significant difference in CoroNa™G reen fluorescence, corres- 
ponding to approx. 19.0 mM of [Na + ] cyt , when compared with 
levels (approx. 16.6 mM) recorded in astrocytes at rest or sham- 
treated. Treatment of these cells with KB-R7943 caused a 
decrease in CoroNa™G reen fluorescence corresponding to 
approx. 11.3 mM of [Na + ] cyt (Figure 1B; one-way ANOVA, 
followed by Fisher's LSD test; P<0.01). Since PMCA does not 




caloxin 2A1 
benzamil 

KB-R7943 
ouabain 



Figure 1 PMCA, NCX and NKA modulate basal Ca 2 ^, and Na + ^ levels in 
neonatal solitary cortical astrocytes at rest 

(A) Normalized fluo-3 fluorescence, reporting on Ca 2+ Cyt levels, in astrocytes 
at rest. Astrocytes treated with caloxin 2A1 (PMCA blocker) alone or in 
conjunction with ouabain (NKA blocker) showed a significant increase 
in basal Ca 2+ Cyt levels, which were decreased when cells were treated with 
KB-R7943 (NCX reverse mode blocker) or ouabain. (B) Normalized 
CoroNa™Green fluorescence, reporting on Na + Cyt levels, in astrocytes at 
rest. A significant increase in basal Na + Cyt levels was recorded from astrocytes 
treated with ouabain alone or in combination with benzamil (general NCX 
blocker), while astrocytes treated with KB-R7943 or caloxin 2A1/ouabain 
combination exhibited a decrease in basal Na + Cyt levels. Bars represent 
average ( + SEM) of fluorescence ratio before (FJ and after (P) incubation of 
astrocytes in various agents. Statistical comparisons were made between 
time-matched sham treated (control) and agent treated astrocytes (one-way 
ANOVA, followed by Fisher's LSD test; *P<0.05, **P<0.01), whose numbers in 
each group are given below abscissas. 



transport Na + , as predicted, astrocytes treated with caloxin 
2A1 did not exhibit a change in [Na + ] cyt , as evident from the 
lack of change in CoroNa™Green fluorescence compared with 
the sham-treated control. Furthermore, since the NKA trans- 
ports Na + extracellularly, astrocytes treated with ouabain 
exhibited significant increase in [Na + ] cyt , corresponding to 
approx. 24.1 mM, when compared with control (Figure 1B; 
one-way ANOVA, followed by Fisher's LSD test; P<0.01). 
Astrocytes treated with benzamil in conjunction with ouabain 
exhibited a significant increase in CoroNa™Green fluorescence 
(corresponding to approx. 34.7 mM of [Na + ] cyt ), while astrocytes 
treated with caloxin 2A1 in conjunction with ouabain exhibited 
a significant decrease in fluorescence (corresponding to approx. 
8.3 mM of [Na + ] cyt ) when compared with control (Figure 1B; 
one-way ANOVA, followed by Fisher's LSD test; P<0.01). 

Taken together, at resting conditions it appears that the 
PMCA is the primary astrocytic Ca 2+ extruder, since blockage 
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by caloxin 2A1 caused a significant increase in [Ca 2+ ] cyt . In 
contrast, at resting conditions the NCX appears to facilitate 
Ca 2+ entry to the astrocytic cytosol, thus operating in the 
reverse mode, detected as the reduction of fluo-3 fluor- 
escence in astrocytes treated with KB-R7943. The primary 
astrocytic Na + extruder appears to be NKA, since its inhibition 
by ouabain caused significant increase in astrocytic [Na + ] cyt . 



Mechanical stimulation causes both Ca 2+ and 
Na + cytosolic increases in astrocytes 

Solitary astrocytes are known to respond to mechanical 
stimulation, which does not compromise the plasma mem- 
brane integrity, by increasing their intracellular Ca 2+ levels 
(Hua et al., 2004). The majority of mechanically induced 
Ca 2+ cyt accumulation originates from the ER internal store, 
although plasmalemmal Ca 2+ entry contributes to this 
excitability and is ultimately required for the (re)filling of 
ER Ca 2+ stores, a process that involves store-operated Ca 2+ 
entry via TRPC (canonical transient receptor potential) 1 
channels (Hua et al., 2004; Malarkey et al., 2008); these chan- 
nels are permeable for both Ca 2+ and Na + , albeit with much 
higher Ca 2+ permeability (Clapham, 2003; Rychkov and 
Barritt, 2007). Additionally, mitochondria modulate the 
magnitude of this mechanically induced excitability (Reyes 
and Parpura, 2008). However, whether mechanical stimulus 
can also affect Na + cyt loads that should be inherently linked 
to Ca 2+ cyt changes has not been determined yet. 

To address this issue, we loaded astrocytes, in parallel, with 
either fluo-3 or CoroNa™Green. As expected, mechanical 
stimulus caused a typical increase in Ca 2+ cyt levels in solitary 
astrocytes characterized by an initial transient Ca 2+ elevation 
followed by a slowly decaying response (Figure 2A, paired 
f-test, P<0.01). Two aspects of the Ca 2+ cyt kinetics in 
astrocytes due to mechanical stimulation were measured 
and analysed: the peak and cumulative Ca 2+ responses. The 
peak response represents the maximum Ca 2+ cyt in the 
stimulated astrocyte as a result of Ca 2+ entry into the cytosol 
from the ER store and ECS, while the cumulative response 



cyt, 



additionally represents the declining Ca 
removed from cytosol by pumps, such as the PMCA and 
SERCA (Kim et al., 2005; Reyes and Parpura, 2008). 
Mitochondria modulate the peak of [Ca 2+ ] cyt transient as 
they immediately sequester Ca 2+ , while during the decay 
phase they slowly release Ca 2+ . In addition to inducing the 
Ca 2+ response, mechanical stimulation caused an increase in 
intracellular Na + levels (Figure 2D; paired f-test, P<0.01). 
Similar to the Ca 2+ response, the mechanically induced Na + 
response included an initial transient increase followed by a 
slow decline, albeit the overall response had a slower time- 
course than that of mechanically induced [Ca 2+ ] cyt transient. 

Such coordinated dynamics, where Na + cyt changes appear 
to follow those of Ca 2+ cytl raised the question of whether the 
mechanically induced Na + response involves NCX activity. 
Since the amount of Na + cyt extruded by NCXs is proportional 
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Figure 2 Mechanical stimulation of astrocytes induces both Na + Cyt and 
Ca 2+ cyt signals 

(A) Average kinetics of fluo-3 fluorescence, reporting on changes in Ca 2+ Cyt , 
in solitary astrocytes that were mechanically stimulated. (B, C) Bar graphs 
showing normalized peak and cumulative Ca 2+ cvt responses, respectively. (D) 
Average kinetics of CoroNa™Green, reporting on changes in Na + Cyt , in 
mechanically stimulated solitary astrocytes. (E, F) Bar graphs showing 
normalized peak and cumulative Na + Cyt responses, respectively. Mechanical 
stimulation evoked both Ca 2+ Cyt and Na + Cyt increases (A and D, receptively). 
Peak and cumulative values of mechanically induced Ca 2+ Cyt elevations were 
greatly reduced when cells were pre-incubated with the Ca 2+ chelator 
BAPTA-AM (B and C, respectively). Similar reduction in peak and cumulative 
values of Na + Cyt elevations was observed in astrocytes treated with BAPTA/ 
AM (E and F, respectively). Points and bars represent means + SEM of 
measurements. Arrows in A and D indicate the time when the pipette- 
astrocyte contact occurred. Numbers in parentheses indicate the number of 
cells in each group. Asterisks denote significant change in comparison with 
control, untreated and stimulated, astrocytes (Mann-Whitney U-test; 
*P<0.01). 



to the amount of extracellular Ca 2+ taken in, if the reverse 
operation of the NCX could play a role in mechanically 
induced Ca 2+ and Na + dynamics in astrocytes, we predict that 
the buffering of Ca 2+ cyt , an experimental manipulation 
that would facilitate the reverse mode (see Discussion), could 
result in a decrease of Na + load in these cells. In contrast, a 
sole involvement of TRPC1 in mechanically induced Ca 2+ and 
Na + dynamics under conditions of Ca 2+ cyt buffering should 
not lead to a decrease, but rather to an increase in Na + load. 
To test this hypothesis, we used the Ca 2+ chelator BAPTA-AM 
(100 u.M; 30 min) to co-load astrocytes with one of the 
above indicators, while cells loaded with indicators alone 
served as control. Mechanically stimulated astrocytes co- 
loaded with the Ca 2+ chelator exhibited a decrease in peak 
and cumulative fluo-3 (Figures 2A-2C) and CoroNa™Green 
(Figure 2D-2F) fluorescence when compared with control 
cells (Mann-Whitney U-test, P<0.01). These data point to a 
role of NCX reverse mode in modulation of mechanically 
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induced Ca 2+ and Na + dynamics in astrocytes, which we 
further studied using a pharmacological approach below. 



PMCA, NCX and NKA modulate mechanically 
induced Ca 2+ cyt accumulations in astrocytes 

Having determined effects of pharmacological blockers of 
PMCA, NCX and NKA on Ca 2+ and Na + cytosolic levels of cells 
at rest along with finding that mechanical stimulation 
induced both Ca 2+ cyt and Na + cyt elevations, we studied the 
role of these pumps and the exchanger on cytosolic Ca 2+ 
dynamics of mechanically stimulated astrocytes. As we 
described above, mechanical stimulation of control astrocytes 
caused a robust increase in [Ca 2+ ] cyt , corresponding to approx. 
3.8 U.M (Figure 3A; paired f-test, P<0.01). We found that the 
treatment of astrocytes with either caloxin 2A1 (2 mM; 
5 min) to block PMCAs, benzamil (100 uJVI; 5 min) to block 
NCX, or ouabain (1 mM; 10 min) to block NKA modulated the 
mechanically induced Ca 2+ response as evident in the average 
kinetics of the fluorescence intensity (Figure 3A). We should 
be reminded that pharmacological agents affect resting 
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levels bringing them to various post-treatment 



baselines (Figure 1A). Since we were interested in the 
astrocytic ability to handle Ca 2+ cyt after the treatments, we 
used post-treatment Ca 2+ cyt levels as a baseline (F D ) for 
further quantitative analysis. Here, pretreatment of astro- 
cytes with either caloxin 2A1, benzamil or ouabain reduced 
the peak of mechanically induced Ca 2+ response, when com- 
pared with control (Figure 3B; one-way ANOVA, followed 
by Fisher's LSD test; P<0.01 for caloxin 2A1 and benzamil, 
while P<0.05 for ouabain). In contrast, astrocytes treated 
with caloxin 2A1 did not exhibit significant difference in 
cumulative response, while cells treated with benzamil or 
ouabain exhibited attenuated or enhanced cumulative 
responses respectively (Figure 3C, one-way ANOVA, followed 
by Fisher's LSD test; P<0.01). 

Taken together it appears that PMCA, NCX and NKA all play 
a role in modulating the mechanically induced Ca 2+ entry 
into the cytosol since these agents attenuated the peak Ca 2+ 
response. In addition, it also appears that NCX and NKA play 
additional, but opposing roles in the removal of Ca 2+ from the 
cytosol. 



Na + Cyt load induced by mechanical stimulation is 
mediated by NCX 

Mechanical stimulation of control astrocytes, in addition to 
Ca 2+ cyt response, caused an increase in [Na + ] cyt corresponding 
to -36.8 mM (Figure 4A; paired f-test, P<0.01), which is 
about the same [Na + ] cyt reached upon treatment of astrocytes 
at rest with the NKA blocker (Figure 1B). We tested whether 
mechanically induced Na + load in astrocytes can be 
modulated by NCX and NKA. We loaded cortical astrocytes 
with CoroNa™Green, and then treated them with either 
benzamil (100 uM; 5 min) to block NCX, or ouabain (1 mM; 
10 min) to block NKA. We were interested in the astrocytic 
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Figure 3 Ca + cyt accumulation in astrocytes induced by mechanical 
stimulation is modulated by the plasmalemmal PMCA, NCX, and NKA 

(A) Average kinetics of fluo-3 fluorescence, reporting on changes in Ca 2+ Cyt , 
in solitary astrocytes treated with pharmacological agents and in response to 
mechanical stimulation. Arrow represents the time when mechanical 
stimulation was applied to the cells. (B,C) Bar graphs showing normalized 
peak and cumulative Ca 2 *^ responses, respectively. When treated with 
caloxin 2A1, benzamil and ouabain, mechanically stimulated astrocytes had a 
decrease in the peak Ca 2+ Cyt response (B). Benzamil led to a decrease, while 
ouabain to an increase in the normalized cumulative Ca 2+ Cyt response 
obtained from mechanically stimulated astrocytes (C). Points and bars 
represent means + SEM of measurements from solitary astrocytes (numbers 
in parentheses); SEM are shown in single directions for clarity. Asterisks 
denote significant change in comparison with control group (one-way 
ANOVA, followed by Fisher's LSD test; *P<0.05, *P<0.01). 



ability to handle Na + cyt following pharmacological treat- 
ments, which affected resting [Na + ] cyt levels bringing them to 
various post-treatment baselines (Figure 1B). Thus, we used 
post-treatment [Na + ] cyt baselines for further quantitative 
analysis. Astrocytes pretreated with benzamil showed a 
reduced mechanically induced peak and cumulative 
CoroNa™Green fluorescence (Figures 4A and 4B; one-way 
ANOVA, followed by Fisher's LSD test; P<0.01), while ouabain 
did not significantly affect these parameters by comparison 
to control astrocytes. Additionally, when ouabain was added 
in combination with benzamil, it did not alter the effect 
caused by benzamil (Figures 4B-4C). 

Thus, it appears that the NCX may contribute to Na + entry 
into cytosol of mechanically stimulated astrocytes since its 
blockade with benzamil reduced the Na + load in stimulated 
astrocytes. In contrast, the NKA appears to be a minor player 
in the extrusion of Na + in mechanically stimulated astrocytes. 
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Figure 4 Na T cyl accumulation in astrocytes induced by mechanical 
stimulation is regulated by the plasmalemmal NCX 

(A) Average kinetics of CoroNa™Green fluorescence, reporting on changes in 
Na + Cyt , in solitary astrocytes treated with pharmacological agents and 
in response to mechanical stimulation. Arrow represents the time when 
mechanical stimulation was applied to the cells. (B, C) Bar graphs showing 
normalized peak and cumulative Na + Cyt values of mechanically stimulated 
astrocytes, respectively. Mechanically stimulated astrocytes pre-treated with 
benzamil alone or in combination with ouabain had a significantly lower peak 
Na*^ values when compared with control cells (B). These treatments caused 
a similar decrease in normalized cumulative Na + Cyt values (C). Ouabain had no 
effect on either a peak or cumulative response. Points and bars represent 
means + SEM of measurements from solitary astrocytes (numbers in 
parentheses); SEM are shown in single directions for clarity. Asterisks denote 
significant change in comparison with control group (one-way ANOVA, 
followed by Fisher's LSD test; *P<0.01). 



Mechanically induced glutamate release from 
astrocytes is modulated by the Ca 2+ entry via the 
reverse mode of NCX 

Benz et al. (2004), using benzamil, showed that the NCX 
participates in Ca 2+ signalling, and in the subsequent release 
of homocysteic acid from cortical astrocytes stimulated by 
glutamate. Additionally, activation of astroglial ionotropic 
receptors causing increases in [Na + ] cyt and depolarization 
engaged this exchanger in the reverse mode to cause Ca 2+ 
entry (Kirischuk et al., 1997; Rojas et al., 2007). Similarly, mild 
depolarization, due to an increase in extracellular K + (15 and 
35 mM), of cortical astrocytes cultured from adult, but not 
neonatal, rats caused NCX to operate in the reverse mode 
and generated [Ca 2+ ] cyt increases which triggered release of 
glutamate (Paluzzi et al., 2007); these effects were blocked 
by KB-R7943 implicating the reverse mode of NCXs. 



Consequently, using KB-R7943, we investigated whether 
the reverse mode of NCX can contribute to mechanically 
induced Ca 2+ -dependent exocytosis of glutamate from 
neonatal astrocytes. 

Astrocytes were loaded, in parallel, with either the Ca 2+ 
indicator fluo-3 or the Na + indicator CoroNa™Green. Once 
again the mechanical stimulus caused increases in [Ca 2+ ] cyt 
and [Na + ] cyt levels, corresponding to approx. 4.2 u.M and 
47.3 mM respectively (Figures 5A and 5D; paired f-test, 
P<0.01) When we blocked Ca 2+ entry via the reverse mode of 
NCX with KB-R7943 (30 uM; 10 min), we saw a significant 
decrease in the mechanically evoked Ca 2+ and Na + responses 
(Figures 5B-5C and 5E-5F respectively; Mann-Whitney 
IMest, P<0.01). 

To test whether this decrease in mechanically induced Ca 2+ 
elevations lead to a reduction of the consequent exocytotic 
glutamate release from solitary astrocytes we optically 
monitored the release of glutamate into the ECS surrounding 
cultured astrocytes using a GDH-linked assay based on 
accumulation of the fluorescent product, NADH (Hua et al., 
2004). Mechanical stimulation of astrocytes caused glutam- 
ate release as indicated by a transient increase in NADH 
fluorescence, reporting on extracellular glutamate levels, 
corresponding to approx. 0.7 u.M, around the astrocytes 
(Figure 5G; paired t-test; P<0.01). Incubating astrocytes with 
KB-R7943 (30 uM; 10 min) reduced the peak and cumulative 
amount of glutamate released from mechanically stimulated 
astrocytes (Figure 5H-5I; Mann-Whitney (7-test, P<0.01), 
indicating that Ca 2+ entry through NCX is important for the 
elevation of cytoplasmic [Ca 2+ ] cyt necessary for mechanically 
induced Ca 2+ -dependent glutamate release from astrocytes. 



DISCUSSION 



We studied the role of PMCA, NCX and NKA in coordinated 
regulation of Ca 2+ cyt and Na + cyt in astrocytes at rest and upon 
mechanical stimulation. This stimulus activates major intra- 
cellular signalling pathways represented by intracellular Ca 2+ 
increase and consequential glutamate release, which is 
mediated by exocytosis, since Rose Bengal, an inhibitor of 
vesicular glutamate uptake, abolishes it (Montana et al., 
2004); additionally, this stimulus promotes vesicular fusions 
(Malarkey and Parpura, 2011). Ca 2+ -dependent exocytotic 
glutamatergic gliotransmission can modulate synaptic trans- 
mission and plasticity at the tripartite synapse (Araque et al., 
1999c; Perea et al., 2009; Parpura and Zorec, 2010). Since 
TRPC1 channels, found to be a component of vertebrate 
mechanosensitive cation channels (Maroto et al., 2005), 
provide the conduit for Ca 2+ entry from the ECS (Malarkey 
et al., 2008), mechanical stimulation could therefore mimic a 
physiological event, perhaps at astrocyte-blood vessel 
interface (Reyes et al., 2011). Astrocytes control microcircu- 
lation, a process that includes astrocytic Ca 2+ dynamics 
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Figure 5 Mechanically induced glutamate release from astrocytes is modulated by the Ca 2+ entry via the reverse mode of the 
plasmalemmal NCX 

(A) Average kinetics of fluo-3 fluorescence, reporting on changes in Ca 2+ Cyt , in solitary astrocytes treated with KB-R7943 in response 
to mechanical stimulation. (B, C) Bar graphs showing normalized peak and cumulative Ca 2+ Cyt values of mechanically stimulated 
astrocytes, respectively. When treated with KB-R7943, astrocytes had significantly lower peak and cumulative Ca 2+ Cyt responses to 
mechanical stimulation than those recorded in control. (D) Average kinetics of CoroNa™Green (CoroNa™G) fluorescence, reporting 
on changes in Na + Cyt , in solitary astrocytes treated with KB-R7943 in response to mechanical stimulation. (E, F) Bar graphs showing 
normalized peak and cumulative Na + Cyt values of mechanically stimulated astrocytes, respectively. When treated with KB-R7943, 
astrocytes had significantly lower peak and cumulative Na + Cyt responses to mechanical stimulation than those recorded in control. 
(H) Time lapse of extracellular NADH fluorescence, reporting on glutamate levels in the ECS surrounding somata of solitary 
astrocytes. Mechanical stimulation of solitary astrocytes caused glutamate release, which was affected by KB-R7943. (H, I) 
Normalized peak and cumulative extracellular glutamate (Glut) values of mechanically stimulated astrocytes, respectively. When 
treated with KB-R7943, astrocytes had both parameters significantly reduced. Points and bars represent means + SEM of 
measurements from solitary astrocytes (numbers in parentheses); SEM in A are shown in single directions for clarity. Arrows in A, D 
and G represent the time when mechanical stimulation was applied to the cells. Asterisks denote significant change in comparison 
with control group (Mann-Whitney U-test, ** P<0.01). 



occurring at their end feet and bodies (Gordon et al., 2007); it 
is at this interface that astrocytes undergo large mechanical 
dynamics. 

We used a culturing method yielding solitary astrocytes 
which appear as flat polygonal cells, having less complex 
morphological features than astrocytes in situ which display 
elaborate processes and are in intimate contact with other 
neural cell types. While this system minimizes effects of 
intercellular astrocyte-astrocyte communications and thus 
eases the interpretation of our measurements, it brings some 
limitations. Hence, we were not able to study: (i) the 
difference in measurements at the somatic region compared 
with peripheral astrocytic processes, and (ii) the effects that 
the presence of other cell types, e.g., neurons, would have on 
our measurements. Nonetheless, using solitary astrocytes we 
are poised to study in detail spatio-temporal characteristics 
of Ca 2+ and Na + fluxes at mitochondrial, ER and plasma 
membranes, as well as to assess concentrations of these ions 
within mitochondria and ER. Indeed, some future studies 
would also need to cross-correlate our findings in culture 
with experiments done in more intact systems. 



Our finding that mechanical stimulus leads to activation of 
another intracellular signalling pathway, an increase in 
[Na + ] cyt has important consequences to astrocytic metabol- 
ism. Na + entry drives glutamate uptake through the plasma 
membrane glutamate transporters, and is used to counter 
transport H + out of the cytosol via the Na + /H + exchanger to 
regulate cytosolic pH (Deitmer, 2004). As such, maintenance 
of the Na + gradient via the NKA is a major ATP expenditure in 
astrocytes. Na + cyt increases leading to depolarization due to 
activity of plasma membrane glutamate transporters (Rojas 
et al., 2007) and ionotropic glutamate receptors and/or 
purinoceptors (Benz et al., 2004; Lalo et al., 2006; Lalo et al., 
2008) can trigger intracellular Ca 2+ signalling mediated via 
NCX. Additionally, increases in [Na + ] cyt can trigger aerobic 
glycolysis leading to lactate production (Magistretti, 2006), 
which shuttled to neurons appears to be important for 
synaptic transmission and plasticity (Suzuki et al., 2011). 

Inhibition of the PMCA with caloxin 2A1 raised basal 
[Ca 2+ ] cyt in cortical astrocytes (Figure 1A). This observation 
further supports the notion that the PMCA is an important 
extrusion mechanism to maintain resting levels of Ca 2+ in 
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cortical astrocytes, consistent with findings in other cell 
types, e.g. in mammalian photoreceptors (Morgans et al., 
1998) and the calyx of Held (Kim et al., 2005), as well as an 
invertebrate model of squid giant axons (DiPolo and Beauge, 
1979). The relative contribution of PMCA isoforms 1, 2 and 4, 
expressed by cortical astrocytes (Fresu et al., 1999), in this 
process is not presently understood and it should be 
investigated in future. Nonetheless, at stimulated conditions 
when the [Ca 2+ ] cyt is increased due to Ca 2+ mobilization from 
the ER and ECS, inhibition of the PMCA resulted in a sig- 
nificant reduction in the peak and with no effect on the 
cumulative Ca 2+ response (Figures 3A and 3B). This apparent 
lack of the PMCA activity in the removal of Ca 2+ Cyt during 
times of high [Ca 2+ ] cyt indicates that this task is accomplished 
by other extrusion systems, perhaps the ER store-specific 
Ca 2+ -ATPase (Hua et al., 2004). 

Astrocytes at rest treated with benzamil alone showed only 
a trend in a [Ca 2+ ] cyt decrease, while application of this 
general NCX blocker in conjunction with caloxin 2A1 
occluded the action of this PMCA blocker, as evidenced by 
the absence of significant change in [Ca 2+ ] cyt from controls 
(Figure 1 A). This finding suggests that the Ca 2+ influx via NCX 
is opposed/balanced by the Ca 2+ efflux via the PMCA 
(Figure 1A). This inference is supported by experiments using 
the specific antagonist of the NCX reverse mode, KB-R7943, 
which significantly decreased [Ca 2+ ] cyt in cortical astrocytes 
(Figure 1A), confirming the apparent Ca 2+ entry via NCX in 
astrocytes at rest. Additionally, KB-R7943 significantly 
decreased basal [Na + ] cyt which is likely an indirect effect 
due to an increased NKA activity. These data also imply that 
the resting membrane potential in our cultured cortical 
astrocytes is slightly depolarized from the equilibrium 
potential for the NCX (£ncx). as supported by the previously 
published work and the calculated /r NCX . Hence, the mem- 
brane potential of cortical astrocytes was reported to have a 
bimodal distribution with peaks at —68 mV and —41 mV [see 
Figure 2A of (Kucheryavykh et al., 2007)]. Using our recorded 
[Na + ] cyt of 16.6 mM and [Ca 2+ ] cyt of 73 nM in astrocytes at 
rest, together with concentration of these ions in the external 
solution and presumed NCX 3:1 stoichiometry, we calculated 
Fncx to be approx.— 98 mV at 25°C. Thus, the vast majority or 
astrocytes at rest should display the reverse mode of NCX 
operation in our experimental conditions. It should be noted 
that there are three NCX isoforms (1-3), with NCX1 being a 
predominant isoform, having three splice variants, in primary 
cultures of rat cortical astrocytes (He et al., 1998). Future 
experiments are needed to address relative contribution of 
each of these splice variants in Ca 2+ Cyt regulation. 

When cortical astrocytes were mechanically stimulated to 
raise [Ca 2+ ] cyt , this stimulus also caused large increases in 
[Na + ] cyt . As above by using our recorded peak [Na + ] cyt of 
36.8 mM and peak [Ca 2+ ] cyt of 4 uM due to mechanical 
stimulation, we calculated F NC x to be approx. — 57 mV at 
25°C. Such shift in E NCX would be less favourable for the 
reverse mode of NCX operation in astrocytes. Consequently, 
to initially test a possible involvement of NCX in [Ca 2+ ] cyt and 



[Na + ] cyt regulation at elevated levels of these ions, we used 
BAPTA-AM to clamp the Ca 2+ cyt increase due to mechanical 
stimulation, corresponding to approx. 614 nM, which would 
substantially shift /r NCX to hyperpolarization at approx. 
— 105 mV assuming unchanged peak [Na + ] cyt of 36.8 mM. 
Such experimental conditions would result in bettering of 
NCX activity that will be seen as a reduction of [Na + ] cyt in 
astrocytes. Indeed, in BAPTA-AM treated and mechanically 
stimulated astrocytes we recorded a significantly lower 
increase of [Na + ] cyt , approx. 26.8 mM, when compared with 
controls, at which juncture cells would settle for their F NCX at 
approx. —80 mV (Figure 2). Of course, large Ca 2+ entry 
associated with the reverse mode of NCX operation was 
clamped down by the fast buffering capabilities of BAPTA, 
resulting in reduced Ca 2+ cyt levels. We tested this immediate 
conclusion based on thermodynamics considerations further 
by using NCX pharmacological blockers. 

When cortical astrocytes were mechanically stimulated to 
raise [Ca 2+ ] cyt , inhibition of the NCX with benzamil resulted in 
a significant reduction in peak and cumulative Ca 2+ cyt 
accumulation (Figure 3). This observation suggests that the 
NCX mediates Ca 2+ entry and promotes Ca 2+ excitability in 
astrocytes, consistent with earlier studies (Kirischuk et al., 
1997; Benz et al., 2004; Rojas et al., 2007). Since calculated 
£ncx is approx.-57 mV during the initial phase of mechanical 
stimulation, depolarization of the majority of astrocytes 
would be required for the reverse mode of NCX operation. 
This seems a plausible scenario because mechanical stimu- 
lation leads to rather large Na + cyt load, which would lead to 
depolarization of astrocytes. Perhaps as in basal conditions, a 
decrease in [Na + ] cyt that was recorded from mechanically 
stimulated astrocytes exposed to benzamil could be due to 
increased activity of NKA (Figure 4), although another 
alternative is possible (see below). Ca 2+ entry through the 
NCX may modulate the lnsP 3 receptor-gated channel 
activation, since the NCX1 isoform can associate with plasma 
membrane-ER junctions, microdomains containing lnsP 3 
receptors (Lencesova et al., 2004). Whether this notion could 
extend to a possible interplay between the Ca 2+ entry via NCX 
and activity of ryanodine/caffeine-sensitive receptors of the 
ER is not clear due to lack of evidence for spatial association 
of these proteins; additionally, the role of ryanodine 
receptors in astrocytic Ca 2+ excitability remains debatable 
(Parpura et al., 201 1). 

Unlike previous studies demonstrating that inhibition of 
NKA increased basal [Ca 2+ ] cyt in cortical and in cerebellar type 
1 astrocytes (Rojas et al., 2004), our treatment with ouabain 
significantly reduced the basal [Ca 2+ ] cyt in cortical astrocytes 
(Figure 1A). This observation cannot be explained by an 
inadequate inhibition of the NKA since in parallel experi- 
ments ouabain significantly increased Na + cyt accumulation 
(Figure 1 B). The likely explanation for these seemingly 
disparate findings might be lower temperature in our 
experiments. Namely, while we recorded at room temperature 
(22-25°C), above mentioned studies have done so at higher 
temperatures [32-34°C (Goldman et al., 1994) or 35-37°C 



42 



® 2012 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial ticence (http://creativecommons.Org/licenses/by-nc/2.5/) 
which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited. 



Plasmalemmal Na + /Ca 2+ transport in astrocytes 



SUNEURO 



(Rojas et al., 2004)]. If we compare calculated F NCX using our 
ionic conditions at 25°C (—98 mV) compared with 37°C 
(—123 mV), we find E NCX to be shifted towards less 
hyperpolarizing values at room temperature, which would 
lessen the operation of NCX in the reverse mode. Indeed, it 
has been reported that NCX activity is greatly inhibited in 
cultured Purkinje neurons at room temperature (Rojas et al., 
2003). Thus, it is possible that reduction in Ca 2+ Cyt during NKA 
blockade points to restrained operation of NCX in the reverse 
mode at room temperature, while PMCA activity would 
remain grossly uninterrupted, as one could expect from 
difference in turnover rates between the pump and the 
transporter; PMCA turnover rate is 30-250/s, while that of 
NCX is 2000-5000/s (Blaustein and Lederer, 1999). In 
addition, NCX activity requires Ca 2+ cyt to bind internal 
regulatory sites, which at the low [Ca 2+ ] cyt and relatively 
low temperature conditions we tested, may not be optimally 
engaged (Blaustein and Lederer, 1999). Indeed, when Ca 2+ Cyt 
was increased by addition of caloxin 2A1 , which inhibited the 
PMCA along with the NKA blockade, the [Na + ] cyt was greatly 
reduced revealing the operation of NCX in the reverse mode 
to extrude Na + cyt while facilitating Ca 2+ entry (Figure 1). 
Furthermore, a decrease in basal [Ca 2+ ] cyt due to ouabain 
treatment and via NCX modulation was occluded when 
astrocytes were co-treated by benzamil (Figure 1A). 

At elevated [Ca 2+ ] cyt induced by mechanical stimulation, 
the NKA indirectly affected Ca 2+ homoeostasis as well. 
Inhibition of NKA decreased the peak but increased 
cumulative Ca 2+ accumulation in response to mechanical 
stimulation (Figure 3). The reduced Ca 2+ cyt peak response 
suggests that elevated Na + cyt initially reduces the activity of 
the NCX (Blaustein and Lederer, 1999). However, as the NCX 
activity ramped up, the elimination of the NKA activity as 
the primary reducer of Na + cyt significantly increased the 
cumulative accumulation of Ca 2+ cyt (Figure 3C). This obser- 
vation suggests that Na + extrusion at elevated mechanically 
induced Na + cyt is in part mediated by the NCX in exchange for 
Ca 2+ entry. It is possible that Na + extrusion is also mediated 
by other Na + extrusion systems, such as the NCKX In- 
dependent NCX) (Kim et al., 2005; Visser and Lytton, 2007), 
although neurons, but not astrocytes seem to preferentially 
express NCKX (Kiedrowski et al., 2002). Hence, treatment with 
ouabain alone or in combination with benzamil did not cause 
increase in peak and cumulative Na + cyt accumulation in 
mechanically stimulated astrocytes, but rather a significant 
decrease reaching levels similar to that seen in the stimulated 
astrocytes pre-treated with benzamil alone (Figure 4). This 
contradicts our previous consideration that decrease in 
[Na + ] cyt seen in stimulated astrocytes pretreated with 
benzamil could be due to the NKA activity and might 
imply an involvement of NCKX in this process. Conse- 
quently, although a minor contribution of NCKX is 
expected (Kiedrowski et al., 2002), its possible role in the 
regulation of the Na + cyt and Ca 2+ cyt in astrocytes needs to be 
evaluated as it has been done in the calyx of Held (Kim et al., 
2005). 



The complex interplay between Na + cyt and Ca 2+ cyt 
dynamics and signalling in astrocytes warrants some further 
considerations. The NKA (type al) have been found to 
colocalize with NCX in cortical astrocytes at plasma 
membrane-ER junctions where tightly regulated 'sodium 
microdomains' may occur (Juhaszova and Blaustein, 1997; 
Blaustein et al., 2002). Inhibition of NKA has been shown to 
generate Ca 2+ oscillations in cultured hippocampal astrocytes 
(Liu et al., 2007). In addition, subsets of mitochondria have 
been shown to interact with the ER (Rizzuto et al., 1998; 
Csordas et al., 2006). At higher [Na + ] cyt near mitochondria-ER 
junctions, the driving force for Ca 2+ efflux from mitochondria 
via the mitochondrial NCX would increase. Hypothetically, 
this Ca 2+ efflux could in turn increase [Ca 2+ ] cyt to activate 
ryanodine receptor of the ER. Indeed, it appears that the 
mitochondrial NCX plays a role in Ca 2+ cyt oscillations 
(Hernandez-SanMiguel et al., 2006). 

Previous work showed that mild depolarization of cortical 
astrocytes cultured from adult, but not neonatal, rats caused 
NCX to operate in the reverse mode leading to [Ca 2+ ] cyt 
increases and consequential exocytotic glutamate release 
(Paluzzi et al., 2007). Our data are consistent with this 
finding, yet they add an additional possibility: the involve- 
ment of the reverse mode of NCX in mechanically induced 
glutamate release from neonatal astrocytes. Mechanical 
stimulation drives Ca 2+ -dependent regulated exocytosis in 
astrocytes (Hua et al., 2004). The contribution of the NCX 
in these processes was seen as reduced peak and cumulative 
Ca 2+ cyt accumulations (Figures 5A-5C), as well as reduction in 
peak and cumulative release of glutamate from astrocytes to 
the ECS (Figures 5G-5I). It should be noted that, consistent 
with our calculated F NCX at rest and during mechanical 
stimulation, KB-R7943 blockade of Ca 2+ entry via the reverse 
mode of NCX upon mechanical stimulation appeared smaller 
(85 and 90% of peak and cumulative response of control, 
respectively) than its effect on reduction of Ca 2+ entry in 
astrocytes at rest (72% of basal level) (compare Figure 5A and 
Figure 1 A). Additionally, KB-R7943 significantly reduced peak 
and cumulative Na + cyt accumulations (Figures 5D-5F), an 
indirect effect, likely due to an increased NKA activity, which 
is in agreement with data obtained using this blocker on 
astrocytes at rest. 

The cellular location of the NCX favours its role in the 
modulation of Ca 2+ -dependent glutamate release. NCXs are 
located on plasma membrane-ER junctions and are ex- 
pressed near lnsP 3 receptor-gated channels (Lencesova et al., 
2004) and NKA (Juhaszova and Blaustein, 1997). Additionally, 
NCX is co-localized with plasma membrane glutamate 
transporters in perisynaptic processes (Minelli et al., 2007). 
Thus, in terms of glutamatergic synaptic transmission, as 
glutamate is released from neurons, it acts upon the plasma 
membrane glutamate transporters and ionotropic receptors 
on astrocytes, which leads to an increase in astrocytic [Na + ] cyt 
(Langer and Rose, 2009; Lalo et al., 2011). Such Na + cyt 
dynamics should lead to depolarization causing NCX to 
operate in reverse and allow Ca 2+ entry from the ECS 
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subsequently stimulating glutamatergie gliotransmission. 
However, the role of plasma membrane glutamate ionotropie 
receptors and transporters in exocytotie glutamate release 
from astrocytes is speculative at the moment. Exposure of 
cultured cortical astrocytes to AMPA (a-amino-3-hydroxy-5- 
methylisoxazole-4-propionic acid) did not induce glutamate 
release, unless it was co-applied with an mGluR agonist (Bezzi 
et al., 1998); co-application had much greater effect than 
that of an mGluR agonist alone. While this finding is 
consistent with the expression of GluR2 subunit in astrocytes, 
leading to low Ca 2+ permeability through their AMPA 
channels, it is at odds with findings that depolarization due 
to increases in Na + cyt following activation of kainate 
receptors was reported to stimulate Ca 2+ entry through the 
reverse mode of the NCX in specialized astrocytes, the Berg- 
mann glia, in acute slice (Kirischuk et al 1997). These 
ostensibly incongruent findings could perhaps be due to 
different spatial associations between NCX, glutamate 
receptor and secretory machinery in different regions of 
the brain (cortex against cerebellum), choice of the agonist 
(AMPA against kainate) and preparation (culture against 
acute slice). Nonetheless, when operable, this NCX-linked 
pathway should be faster and spatially more confined, than 
the parallel pathway engaging astrocytic mGluRs tapping 
mainly into recruitment of Ca 2+ from the ER store to cause 
glutamatergie gliotransmission. Of course, this possibility 
would need to be corroborated morphologically by studying 
the spatial relationship between exocytotie proteins, NCX, 
glutamate receptors and transporters, as well as using 
electrophysiological recordings from neurons while specif- 
ically manipulating NCX in nearby astrocytes. 
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